Gag synthesis from the full-length unspliced mRNA is critical for the production of the 34 viral progeny during human immunodeficiency virus type-1 (HIV-1) replication. While 35 most spliced mRNAs follow the canonical gene expression pathway in which the 36 recruitment of the nuclear cap-binding complex (CBC) and the exon junction complex 37 (EJC) largely stimulates the rates of nuclear export and translation, the unspliced mRNA 38 relies on the viral protein Rev to reach the cytoplasm and recruit the host translational 39 machinery. Here, we confirm that Rev ensures high levels of Gag synthesis by driving 40 nuclear export and translation of the unspliced mRNA. These functions of Rev are 41 supported by the CBC subunit CBP80, which binds Rev and the unspliced mRNA in the 42 nucleus and the cytoplasm. We also demonstrate that Rev interacts with the DEAD-box 43 RNA helicase eIF4AI, which translocates to the nucleus and cooperates with Rev to 44 promote Gag synthesis. Interestingly, molecular docking analyses revealed the assembly of 45 a Rev-CBP80-eIF4AI complex that is organized around the Rev response element (RRE). 46 Together, our results provide further evidence towards the understanding of the molecular 47 mechanisms by which Rev drives Gag synthesis from the unspliced mRNA during HIV-1 48 replication. 49 50 51 52 53 54 55 56 57 58 59 60 61 62
Introduction
HIV-1 p24 monoclonal antibody diluted to 1/1000 (47), a rabbit anti-Flag antibody Aldrich) diluted to 1/1000 or and HRP-conjugated anti-actin antibody (Santa Cruz 142
Biotechnologies) diluted to 1/750. Upon incubation with the corresponding HRP-143 conjugated secondary antibody (Santa Cruz Biotechnologies) diluted to 1/1000, membranes 144 were revealed with the ECL substrate (Cyanagene) using a C-Digit digital scanner (Li-Cor) . 145
RNA extraction and RT-qPCR: Cytoplasmic RNA extraction and RT-qPCR from 146
cytoplasmic RNA were performed essentially as recently described (48) . Briefly, cells were 147 washed intensively with PBS, recovered with PBS-EDTA 10 mM and lysed for 1-2 min at 148 room temperature with 200 µl of buffer [10 mM Tris-HCl pH=8.0, 10 mM NaCl, 3 mM 149
MgCl2, 1 mM DTT, 0.5% NP40 and 2 mM of vanadyl-ribonucleoside complex (VRC) 150 (New England Biolabs)]. Cell lysates were centrifuged at 5000 rpm for 5 min at 4 ºC and 151 supernatant containing the cytoplasmic fraction were recovered and RNA extraction was 152 carried out by adding 1 ml of TRIzol™ (Thermo Fisher) as indicated by the manufacturer. 153
Cytoplasmic RNAs (1 µg) were reverse-transcribed using the High Capacity RNA-to-cDNA Master Mix (Life Technologies). For quantitative PCR, a 20 µl reaction mix was 155 prepared with 5 µl of template cDNAs (previously diluted to 1/10), 10 µl of FastStart 156
Universal SYBR Green Master (Rox) (Roche), 0.2 µM of sense and antisense primers and 157 subjected to amplification using the Rotorgen fluorescence thermocycler (Qiagen). The 158 GAPDH housekeeping gene was amplified in parallel to serve as a control reference. 159
Relative copy numbers of Renilla luciferase cDNAs were compared to GAPDH or 18S 160 rRNA using x -Δ Ct (where x correspond to the experimentally calculated amplification 161 efficiency of each primer couple). 162 163 Fluorescent in situ hybridization, immunofluorescence and confocal microscopy: RNA 164 FISH was carried out as we recently described (48) . Briefly, HeLa cells were cultured in a 165 12 well plate with covers slide (Nunc™) and maintained and transfected with 1 µg of 166 pNL4.3 or 1 µg of the corresponding HA vectors as indicated above. At 24 hpt, cells were 167 washed twice with 1X PBS and fixed for 10 min at room temperature with 4% 168 paraformaldehyde. Cells were subsequently permeabilized for 5 min at room temperature 169 with 0.2% Triton X-100 and hybridized overnight at 37° C in 200 µl of hybridization mix 170 (10% dextran sulfate, 2 mM VRC, 0.02% RNase-free BSA, 50% formamide, 300 µg tRNA 171 and 120 ng of 11-digoxigenin-UTP probes) in a humid chamber. Cells were washed with 172 0.2X SSC/50% formamide during 30 min at 50° C and then incubated three times with 173 antibody dilution buffer (2X SSC, 8% formamide, 2 mM vanadyl-ribonucleoside complex, 174 0.02% RNase-free BSA). Mouse anti-digoxin and rabbit anti-HA (Sigma Aldrich) primary 175 antibodies diluted to 1/100 in antibody dilution buffer were added for 2 h at room 176 temperature. After three washes with antibody dilution buffer, cells were incubated for 90 177 min at room temperature with anti-mouse Alexa 488 and anti-rabbit Alexa 565 antibodies 178 (Molecular Probes) diluted at 1/1000. Cells were washed three times in wash buffer (2X 179 SSC, 8% formamide, 2 mM vanadyl-ribonucleoside complex), twice with 1X PBS, 180 incubated with Hoescht (Life Technologies) diluted to 1/10000, for 5 min at room 181 temperature, washed three times with 1X PBS, three times with water and mounted with 182
Fluoromount (Life Technologies). Images were obtained with a TCS SP8 Confocal 183
Microscope (Leica Microsystems) and images were processed using FIJI/ImageJ (NIH) . 184 function of Rev on HIV-1 gene expression during viral replication. Thus, we used the 248 pNL4.3 proviral DNA to introduce a frameshift within the rev gene previously shown to 249 abolish the expression of a functional protein (28). Consistent with a critical role of Rev in 250 the post-transcriptional regulation of the unspliced mRNA, we observed that Gag synthesis 251 was abolished in the absence of Rev and restored upon Rev expression in trans (Fig. 1A) . 252
In agreement with several previous reports (31-33), we observed that most of the unspliced 253 mRNA is retained in the nucleus in the absence of Rev (Fig. 1B , compare wild type and 254 ΔRev). The cytoplasmic signal of the unspliced mRNA was recovered when Rev was 255 expressed in trans (Fig. 1B , see ΔRev + Flag-Rev), which is consistent with an important 256 role of Rev in nuclear export. However, it has been reported that Rev is also important for 257 translation of the unspliced mRNA during viral replication (34, 35) . Thus, in order to 258 quantify the impact of Rev on gene expression from the unspliced mRNA we used the 259 pNL4.3R reporter provirus to generate a ΔRev version as described above (see materials 260
and methods). Transfection of pNL4.3R-ΔRev in HeLa cells, T-cells (H9 cells), monocytes 261 (THP-1 cells) or human microglia (C20 cells) resulted in very low levels of Gag-Renilla 262 expression when compared to the wild type provirus indicating that our reporter proviruses 263 can be used to quantify the effects of Rev on gene expression from the unspliced mRNA 264 ( Supplementary Fig. 1A ). Transfection of the pNL4.3R-ΔRev together with a Flag-Rev 265 expressing vector restored Gag synthesis to the wild type levels indicating that the defects 266 in Gag-Renilla expression observed were exclusively due to the absence of Rev 267 ( Supplementary Fig. 1B ). Thus, we used the pNL4.3R-wt and -ΔRev proviruses to quantify 268 the effects of Rev on Gag synthesis, cytoplasmic levels of the unspliced mRNA and its 269 translational efficiency in HeLa cells as we have previously reported (37, 38, 41, 48, 65, 66) . 270
As observed above, Gag production was almost abolished in the absence of Rev (Fig. 1C , 271 left panel). Consistent with its previously described role in nuclear export of the unspliced 272 transcript (26,31-33), we observed that the cytoplasmic levels of the unspliced mRNA were 273 reduced by 3-fold in the absence of Rev (Fig. 1C , middle panel). Although these results 274 differ from those presented in Fig. 1B in which no genomic RNA could be detected in the 275 cytoplasm, it has been proposed that an important fraction of the unspliced transcript reach 276 the cytoplasm in the absence of Rev but remains trapped into a ribonucleoprotein complex 277 inaccessible to the probes used during in situ hybridization (31). It should be mentioned 278 that our cytoplasmic fractions were devoid of pre-GADPH mRNA discarding any 279 contamination with nuclear RNA ( Supplementary Fig. 1C ). However, this important 280 decrease in the cytoplasmic levels of the unspliced transcript does not account for the 281 dramatic reduction in Gag synthesis (>100-fold) indicating that most of the unspliced 282 mRNAs that reach the cytoplasm in the absence of Rev are not translated (Fig. 1C , right 283 panel). Together, these data confirm that the function of Rev during viral replication is not 284 restricted to nuclear export since it is also critical for translation. 285
While the role of Rev in nuclear export has been largely characterized (62), the molecular 286 mechanism by which Rev promotes translation of the unspliced transcript is not very well 287 understood (67). Interestingly, it was shown that Rev was able to promote translation of a 288 reporter RNA by an unknown mechanism involving the binding to an RNA motif (A-loop) 289 present within SL1 of the unspliced mRNA 5´-UTR (63,68). Consistent with this previous 290 work, we observed that expression of a Renilla luciferase-based monocistronic vector 291 harboring the 5´-UTR of the unspliced transcript (but not that of the human β-globin) was 292 stimulated up to 2-fold in the presence of Rev ( Supplementary Fig. 1D ). Such a stimulation 293 was not observed when IRES-driven translation was analyzed with a previously described 294 bicistronic vector (40), suggesting that the effect of Rev on the 5´-UTR is exerted at the 295 level of cap-dependent translation ( Supplementary Fig. 1E ). 296
Although the 2-fold stimulation observed with the reporter construct is consistent with the 297 previous report (63), it does not account for the strong dependence of Rev for unspliced 298 mRNA translation observed in the context of a full-length provirus ( Fig. 1A and 1C) , 299
suggesting that the 5´-UTR is not the only molecular determinant involved in Rev-mediated 300 translation of the unspliced mRNA. In order to confirm this hypothesis, we constructed a 301
ΔRev version of the CMV-pNL4.3R vector, a reporter provirus lacking the 5´-LTR and 302 most of the 5´-UTR but containing the CMV IE promoter (38). This proviral DNA is 303 expected to produce an unspliced mRNA that only contains the last 79 nucleotides of the 304 wild type 5´-UTR, therefore lacking the Rev binding site previously described in the A-305 loop of SL1. We transfected the CMV-pNL4.3R and CMV-pNL4.3R-ΔRev vectors and 306 analyzed the role of Rev in Gag synthesis, cytoplasmic levels of the unspliced mRNA and 307 translation as described above. Interestingly, we observed a strong dependence for Rev in 308 translational efficiency of the unspliced transcript regardless of whether the entire 5´-UTR 309 was driving ribosome recruitment or not ( Fig. 1D ). Together, these data suggest that the 310 previously described Rev-binding site present within the 5´-UTR is not the major molecular 311 determinant involved in the translational stimulation mediated by Rev in the context of 312 viral replication. Given the fact that our CMV-pNL4.3R provirus also lacks major 313 determinants required for IRES-driven translation (40), these data also suggest that Rev 314 promotes cap-dependent translation. 315
316
The CBC subunit CBP80 interacts with Rev and promotes nuclear export and 317 translation of the unspliced mRNA 318
From data presented above, it seems that Rev promotes cap-dependent translation of the 319 unspliced mRNA. Interestingly, it was proposed that cap-dependent CBC-driven translation 320 could ensure Gag synthesis during an HIV-induced inhibition of eIF4E activity (69). In 321 agreement with this idea, we have previously shown that the cytoplasmic cap-binding 322 protein eIF4E is excluded from a translation initiation mRNP containing the HIV-1 323 unspliced mRNA together with the RNA helicase DDX3 and translation initiation factors 324 eIF4GI and PABPC1 (48). Thus, in order to determine whether the unspliced mRNA is 325 associated to the CBC or eIF4E, we developed a protocol based on in situ hybridization of 326 digoxin-labeled probes directed to the unspliced mRNA coupled to the proximity ligation 327 assay (ISH-PLA) in order to determine and quantify unspliced mRNA-protein interactions 328 (Supplementary Fig. 2A and materials and methods). By using our ISH-PLA protocol, we 329 observed that the unspliced mRNA preferentially associates with the CBC subunit CBP80 330 rather than eIF4E ( Fig. 2A ). Interestingly, despite the fact that most of the CBP80 signal 331 was observed in the nucleus in RNA FISH-IF experiments performed in parallel 332 ( Supplementary Fig. 2B ), we observed that the interaction between the unspliced mRNA 333 and the CBC subunit occurs predominantly in the cytoplasm suggesting that the unspliced 334 mRNA remains associated to the CBC upon nuclear export. Signal intensity quantifications 335 from the RNA FISH experiments performed in parallel revealed no differences in myc-336 tagged protein expression ( Supplementary Fig. 2C ). To further investigate the role of 337 CBP80 and eIF4E on gene expression from the unspliced mRNA, we independently 338 overexpressed both proteins in HeLa cells and analyzed Gag synthesis, cytoplasmic 339 unspliced mRNA levels and translational efficiency as described above. Consistent with a preferential association of the unspliced mRNA with CBP80, we observed that 341 overexpression of the CBC subunit but not eIF4E results in a marked increase in Gag 342 synthesis, which was due to an increase in both cytoplasmic accumulation and translation 343 of the unspliced mRNA ( Fig. 2B ). Interestingly, CBP80 overexpression only resulted in 344 marginal (2-fold) stimulation of the unspliced mRNA in the cytoplasm when the ΔRev 345 provirus was used suggesting that CBP80 cooperates with Rev during the post-346 transcriptional control of the unspliced mRNA ( Fig. 2C ). Of note, Gag-Renilla activity 347 from the wild type provirus was largely higher than that observed from the ΔRev provirus 348 consistent with data presented in Fig. 1 (data not shown). Consistent with the dependence 349 on Rev for CBP80 function, we observed that CBP80 overexpression has marginal effects 350 on protein synthesis from the Rev-independent nef mRNA ( Supplementary Fig. 2D ). 351
Since it was previously shown that CBP80 interacts with Rev in vitro (70), we wanted to 352 evaluate whether this interaction also occurs in cells. Thus, we performed PLA and 353 observed that Flag-tagged Rev interacts with both endogenous and V5-tagged CBP80 354 (Supplementary Fig. 2E and Fig. 2D ). 355
Together, these results suggest that the unspliced mRNA is preferentially associated to the 356 CBC and the CBC subunit CBP80 interacts and cooperates with Rev to promote nuclear 357 export and translation of this viral transcript. 358
359

DEAD-box helicase eIF4AI interacts with Rev and promotes Gag synthesis from the 360 unspliced mRNA 361
Having determined that the unspliced mRNA is preferentially associated with CBP80 and 362 that this CBC subunit interacts with Rev, we were interested in identify additional 363 translation initiation factors interacting with Rev that could be involved in Gag synthesis. 364
Although the CBP20/80-dependent translation initiation factor (CTIF) was shown to be 365 important for CBC-dependent translation (71), we observed that CTIF is rather a potent 366 inhibitor of Gag synthesis (García-de-Gracia et al, manuscript in preparation). Thus, we 367 reasoned that Rev and CBP80 form an mRNP different from the canonical CBC, which is 368 important for unspliced mRNA nuclear export and translation. Despite we showed that 369 eIF4E seems not relevant for unspliced mRNA translation ( Fig. 2A) , we looked whether 370 additional components of eIF4F such as eIF4GI and eIF4AI were associated with Rev. 371
Indeed, eIF4GI was shown to interact with CBP80 and thus, we supposed that it could be 372 recruited to the Rev-CBP80 complex (72). Interestingly, our PLA using HA-tagged 373 versions of eIF4E, 4GI and 4AI together with Flag-tagged Rev revealed that Rev forms 374 nuclear and cytoplasmic complexes with eIF4AI and at a much lesser extent with eIF4E 375 and eIF4GI (Figs. 3A and 3B) . It should be mentioned that IF experiments performed in 376 parallel revealed no differences in the intensity signals amongst HA-tagged eIFs and Flag-377
Rev indicating that the increased number of interactions observed between eIF4AI and Rev 378
were not due to differences in the ectopic expression levels of the proteins (Supplementary 379 Fig. 3A ). From these data, it could be speculated that Rev recruits eIF4AI to the unspliced 380 mRNA in order to promote translation. Thus, in order to evaluate the involvement of 381 eIF4AI in Rev activity, we overexpressed the RNA helicase and analyzed its impact on Gag 382 synthesis, cytoplasmic unspliced mRNA and translation using our wild type and ΔRev 383 reporter proviruses ( Fig. 3C ). As expected, Gag-Renilla activity from the wild type provirus 384 was much higher than that observed from the ΔRev provirus (data not shown). Interestingly, 385
we observed that eIF4AI overexpression results in a 2-and 5-fold increase in Gag synthesis 386 from the wild type and ΔRev reporter proviruses, respectively ( Fig. 3C, left panel) . 387
Surprisingly, analysis of the cytoplasmic unspliced mRNA levels upon eIF4AI 388 overexpression revealed a 2-to 3-fold increase for the wild type provirus with no effects on 389
the ΔRev provirus ( Fig. 3C , middle panel). More strikingly, we observed that translation 390 from the ΔRev provirus was stimulated up to 6-fold by eIF4AI overexpression with no 391 effects on translation from the wild type provirus ( Fig. 3C, right panel) . These results 392 suggest that the presence of Rev will determine the process (nuclear export or translation) 393 by which ectopically expressed eIF4AI will promote Gag synthesis from the unspliced 394 mRNA. 395 396
Rev regulates the association of CBP80 and eIF4AI to the unspliced mRNA 397
Giving the fact that the presence of Rev modulates the activity of CBP80 and eIF4AI on 398
Gag synthesis, we wanted to determine whether Rev was involved in the recruitment of 399 these cellular proteins to the unspliced mRNA. For this, we quantified the interaction 400 between the unspliced mRNA and CBP80 or eIF4AI in the presence and absence of Rev 401 using our ISH-PLA protocol. Interestingly, we observed that the interactions between 402 CBP80 and the unspliced mRNA were reduced in the ΔRev provirus but were restored 403 upon expression of Rev in trans suggesting that Rev favors and/or stabilizes the association 404 between CBP80 and the unspliced mRNA ( Fig. 4A, left panel) . Interestingly, we observed 405 that Rev is necessary to maintain the CBP80-unspliced mRNA interaction in the cytoplasm 406 ( Fig. 4A , compare middle and right panels). Signal intensity analysis from RNA FISH 407 experiments performed in parallel revealed no differences in CBP80 expression between 408 each condition ( Supplementary Fig. 4A and 4B) . 409
We also observed that the eIF4AI-unspliced mRNA interactions were reduced in the 410 absence of Rev and restored when the viral protein was expressed in trans ( Fig. 4B , left 411 panel). Interestingly, we noticed that while most of the interactions between the unspliced 412 mRNA and eIF4AI in the cytoplasm are independent of Rev, the viral protein favors the 413 interaction in the nucleus (Fig. 4B , middle and right panels). Signal intensity analysis from 414
RNA FISH experiments performed in parallel revealed no differences in eIF4A expression 415 between each condition ( Supplementary Fig. 4C and 4D ). This observation is consistent 416 with our data presented in Fig. 3C in which ectopic expression of eIF4AI favors the 417 accumulation of the unspliced mRNA in the cytoplasm in the presence of Rev and 418 promotes translation in the ΔRev provirus. Interestingly, we observed an increase in the 419 nuclear signal of HA-eIF4AI with the wild type provirus that was absent with the ΔRev 420 provirus suggesting that a fraction of the RNA helicase might translocate to the nucleus in 421 the presence of Rev ( Supplementary Fig. 4C and 4E) . 422
Together, these results suggest that Rev regulates the association of CBP80 and eIF4AI 423 with the unspliced mRNA in the cytoplasm and the nucleus, respectively. 424
425
Assembly of a Rev-CBP80-eIF4A complex onto the Rev response element 426
From our data presented above, it appears that Rev regulates Gag synthesis by associating 427 with CBP80 and eIF4AI and regulating the association of these cellular proteins with the 428 unspliced mRNA in the nucleus and the cytoplasm. Although it was proposed that eIF4AI 429 could be part of the CBC-associated mRNP (72), to our knowledge, the interaction between 430 CBP80 and eIF4AI has never been formally demonstrated. Thus, we finally sought to 431 determine whether CBP80 and eIF4AI interact in cells and whether Rev was influencing 432 such an interaction. As a first approach, we performed PLA to identify and characterize the 433 CBP80-eIF4A interaction and observed that both proteins interact at the nuclear periphery 434 and at a lesser extent in the nucleus (Fig. 5A, left panel) . Interestingly, our PLA analysis 435 showed increased interactions in the nucleus when Rev is present (Fig. 5A, right panel) . 436
Dots per cell quantification revealed that Rev indeed stimulates the association between 437 CBP80 and eIF4AI (Fig. 5B) . 438
Having determined that Rev interacts with CBP80 and eIF4AI and that both cellular 439 proteins also interact in cells, we then wanted to gain insights into the potential assembly of 440 a trimeric Rev-CBP80-eIF4AI complex. We performed molecular docking in order to study 441 the non-covalent interactions formed between CBP80 and eIF4AI using previously 442 described structures (51, 52) . We selected the complex presenting the best binding energy 443 and observed fifteen non-covalent interactions between both cellular proteins ( Fig. 5C and 444 Supplementary Table 1) . Interestingly, we observed that the eIF4AI binding site on CBP80 445 overlaps with the CBP20-binding site suggesting that eIF4AI is recruited into a complex 446 alternative to the canonical CBC ( Supplementary Fig. 5A and see discussion) . 447
We then used a previously described structure of a Rev dimer in the RNA-free state (73), to 448 investigate whether the viral protein was recruited to the CBP80-eIF4AI complex. 449
Consistent with the lack of non-covalent interactions detected between eIF4AI and the Rev 450 dimer (data not shown), we observed that Rev binds preferentially to CBP80 in the context 451 of our modeled CBP80-eIF4AI complex (Fig. 5D ). We mostly observed electrostatic and 452 hydrophobic interactions between positively charged residues in one of the monomers of 453
Rev and negative residues in CBP80 ( Supplementary Table 2 ). Interestingly, residues R38, 454
R39 and R44 in one of the Rev monomers and R44 in the second Rev monomer, which we 455 detected as involved in CBP80 binding ( Fig. 5D and Supplementary Table 2 ), are also 456 involved in RNA binding suggesting that the Rev dimer would not be able to bind the RRE 457 in the context of the Rev-CBP80-eIF4AI complex. However, it was also reported that the 458 interface of the Rev dimer is reorganized upon RNA binding with crossing angles of 120º 459 in the RNA-free state and 50º in the RNA-bound state (55,73). Thus, we finally sought to 460 evaluate whether RNA binding by Rev has an impact in the assembly of the Rev-CBP80-461 eIF4AI complex. For this, we performed docking analyses using the structure of the 462
Rev/RRE complex and our modeled CBP80-eIF4AI complex. Interestingly, we observed 463 that the presence of the RRE results in the complete reorganization of the trimeric complex 464 ( Fig. 5E and Supplementary Table 3 ). As such, we observed that both CBP80 and eIF4AI 465 establish non-covalent interactions with the RRE. In addition, while the interactions 466 between Rev and CBP80 were lost, we observed that eIF4AI was able to perform contacts 467 with the viral protein in its RNA-bound state ( Fig. 5E and Supplementary Table 3) . 468
Taking together, these data suggest that Rev forms a complex with CBP80 and eIF4AI that 469 reorganizes when the viral protein binds to the RRE. This complex drives Gag synthesis 470 from the unspliced mRNA. 471 472
Discussion 473
Gag synthesis from the unspliced mRNA is a critical step during HIV-1 replication 474 necessary for the efficient production of the viral progeny. Indeed, stoichiometric studies 475 revealed that up to 5000 molecules of Gag are required to build one single viral particle 476 (74), indicating that the unspliced mRNA needs to be efficiently expressed. However, since 477 this viral mRNA contains functional introns, it must overcome surveillance mechanisms 478 that induce its nuclear retention and degradation before it reaches the translational 479 machinery in the cytoplasm to produce Gag (75). As such, understanding how the unspliced 480 mRNA is efficiently exported from the nucleus and translated in the cytoplasm is not only 481 critical to improve our knowledge on the molecular mechanisms driving viral gene 482 expression but is also important to identify new pathways and/or interactions occurring 483 within the cell or induced by the virus that could be targeted by novel antiretroviral drugs. 484
Although the unspliced mRNA associated to Rev, CRM1 and other co-factors does not 485 resemble to a canonical mRNP that must be directed to the ribosomes upon nuclear export 486 (i.e., an mRNA associated to cellular components such as TREX, NXF1 and the EJC), 487 translation of the unspliced mRNA is highly efficient in cells and nuclear export across the 488 Rev/CRM1 pathway is critical for ribosome recruitment (37, 76) . In this study, we provide 489 evidence that the viral protein Rev acts as a nuclear imprint critical for nuclear export and 490 translation of the unspliced mRNA (Fig. 1) . We reasoned that recruitment of Rev might 491 serve as a platform for the spatiotemporal recruitment of host factors required to 492 interconnect nuclear export and translation of the unspliced mRNA. In order to study the 493 interaction between the unspliced mRNA and host proteins, we developed the ISH-PLA 494 strategy, which allowed us to identify and quantify unspliced mRNA-protein interactions 495 but also to determine the cellular location in which such interactions occur. In agreement 496 with previous data (69), we observed that the HIV-1 unspliced mRNA is preferentially 497 associated to the CBC subunit CBP80 both in the nucleus and the cytoplasm (Fig. 2) . 498
Interestingly, we also confirmed that CBP80 interacts with Rev and showed that the CBC 499 subunit supports the activity of Rev in nuclear export and translation. Despite the fact that 500 our in silico data suggest that Rev does not interfere with the interaction between CBP80 501 and CBP20 (data not shown), it is still unknown whether CBP80 alone, or in the context of 502 the CBC, is responsible of these functions. Indeed, we observed that eIF4AI, which also 503 interacts with CBP80 and Rev, would interfere with recruitment of CBP20. Moreover, our 504 unpublished data also shows that CTIF, the CBP80/20-dependent translation initiation 505 factor is a potent inhibitor of Gag synthesis . These observations strongly suggest that CBP80 might promote Gag synthesis 507 in the context of a non-canonical CBC. Interestingly, a recent study reported the existence 508 of an alternative CBC formed by CBP80 and NCBP3, a novel cap-binding protein 509 specifically associated to mRNA nuclear export (19) . Thus, it would be of interest to 510 determine whether the translating unspliced mRNA is indeed associated to the CBC and 511 which of the cap-binding proteins, CBP20 or NCBP3, is bound to the cap structure of the 512 viral transcript during translation. In this sense, the HIV-1 unspliced mRNA was shown to 513 contain a m 2,2,7 GpppG trimethylated cap in a process catalyzed by the methyltransferase 514 PIMT and dependent on the presence of Rev (77). Interestingly, increased cap 515 trimethylation by PIMT overexpression was shown to promote Gag synthesis suggesting 516 that a trimethylated cap favors polysome association of the unspliced mRNA (77). Since 517 trimethylation reduces the affinity of CBP20 and eIF4E for the cap (78,79), it would be of 518 interest to test the affinity of NCBP3 for m 2,2,7 GTP and whether this new cap-binding 519 protein drives translation of the HIV-1 unspliced mRNA together with CBP80. It should be 520 mentioned that our ISH-PLA analyses do not discard an association of the unspliced 521 mRNA with the cap-binding protein eIF4E, which probably reflects the proportion of viral 522 transcripts that contain monomethylated caps. Previous reports have shown that HIV-1 Gag 523 synthesis and replication are maintained under inhibition of eIF4E-driven cap-dependent 524 translation (69, 80, 81) . Whether our Rev-CBP80-eIF4AI complex or the IRES-driven 525 mechanism of ribosome recruitment are responsible of maintaining Gag synthesis under 526 unfavorable conditions needs to be further investigated. 527
We also identified the DEAD-box RNA helicase eIF4AI as an additional partner of Rev 528 (Fig. 3) . Interestingly, we observed that ectopic expression of eIF4AI promoted both the 529 cytoplasmic accumulation of the unspliced mRNA or translation depending on whether Rev 530 was present or not. Consistent with these observations, we observed that Rev promotes the 531 interaction between eIF4AI and the unspliced mRNA in the nucleus (Fig. 4) . Since 532 inhibition of eIF4AI/II function by hippuristanol treatment resulted in a strong inhibition of 533 unspliced mRNA translation from the wild type provirus (data not shown), we propose that 534 the RNA helicase plays a dual role during viral replication by assisting Rev during nuclear 535 export and by promoting unspliced mRNA translation independently of the viral protein. 536
Further work is necessary to decipher the mechanism by which eIF4AI cooperates with Rev 537 during nuclear export. We further showed that CBP80 associates with eIF4AI and this 538 interaction was stimulated in the presence of Rev (Fig. 5 ). Although this interaction was 539 proposed some time ago (72), to our knowledge this is the first experimental evidence for 540 the association between CBP80 and eIF4AI. Since we observed that the CBP20 and eIF4AI 541 might compete for binding CBP80, it would be of interest to determine the consequences of 542 the CBP80-eIF4AI interaction, for example, during the pioneer round of translation or 543 NMD. It would also be interesting to evaluate whether Rev is able to regulate these cellular 544 processes. Interestingly, our molecular docking analyses using the Rev dimer bound to the 545 RRE suggest that the viral RNA serves as a platform for the assembly of the trimeric Rev-546 CBP80-eIF4AI complex. Thus, we propose a model in which Rev interconnects CRM1-547 dependent nuclear export with ribosome recruitment of the unspliced mRNA by driving the 548 recruitment of host factors required for both processes (Fig. 6) . The proper and timely 549 assembly of such a Rev-dependent mRNP will determine the efficient association of the 550 unspliced mRNA with the host machineries for nuclear export and translation initiation. 551
Last but not least, the small molecule ABX464, currently under a phase II clinical trial, was 552 shown to interfere with the Rev-CBP80 interaction (82,83). Therefore, results presented 553 here will be useful either for the better understanding of the mechanism of action of this 554 small molecule or for the rational design of new drugs targeting the Rev-CBP80-eIF4A 555 complex. 556 557 558 Actin was used as a loading control. * Denotes an unspecific band detected with the anti-852 actin-HRP antibody. 853 B) HeLa cells were transfected as above and were subjected to RNA FISH and laser scan 854 confocal microscopy analyzes as described in materials and methods. The unspliced mRNA 855 is showed in green and Flag-Rev in red. Scale bar 10 µm. 856 C) HeLa cells were transfected with 0.3 µg of pNL4.3R (wt) or pNL4.3R-ΔRev (ΔRev) 857 proviruses as described in materials and methods. At 24 hpt, cell extracts were prepared for 858
Figures Legends 846
Gag-Renilla activity measurement and for cytoplasmic RNA extraction and RT-qPCR 859 analyzes. Results for Gag synthesis (left panel), cytoplasmic unspliced mRNA (middle 860 panel) and translational efficiency (right panel) were normalized to the wild type provirus 861 (arbitrary set to 100%) and presented as the mean +/-SD of three independent experiments 862 (**p<0.01; ****p<0.0001, t-test). The Rev-CBP80-eIF4AI complex might assemble into the cytoplasm and be imported to 949 the nucleus to be recruited onto the RRE. Once Rev binds to CRM1 through its NES, this 950 nuclear export mRNP translocates to the cytoplasm. Upon dissociation of Rev and CRM1, 951 CBP80 remain associated to the gRNA to promote translation in a Rev-dependent manner. 952
In contrast, eIF4AI is either recruited or remain associated to the gRNA independently of 953
Rev in order to promote gRNA translation. The cap-binding protein associated to the HIV-1 954 gRNA is still unknown. 955 
